The incorporation of ceramic particulate reinforcements into titanium alloys can improve the specific strength and specific stiffness, while inevitably reduce the plasticity and ductility. In this study, in situ synthesized multilayer Ti-(TiB þ La 2 O 3 )/Ti composite was designed by learning from the microstructure of nature biological materials with excellent mechanical properties. The Ti-(TiB þLa 2 O 3 )/Ti composite with unique characteristic of laminated structure was prepared by combined powder metallurgy and hot rolling. The method has the synthesize advantages with in-situ reaction of Ti and LaB 6 at high temperature and controllability of reinforcements size and constituent phases in composites. The result shows that the pores in the as sintered laminated structure composite completely disappeared after hot rolling at 1050 1C. The agglomerated reinforcement particles were well dispersed and distributed uniformly along the rolling direction. The thickness of pure Ti layer and (TiB þLa 2 O 3 )/Ti composite layer decreased from 1 mm to about 200 μm. Meanwhile, the grains size was refined obviously after rolling deformation. The room temperature tensile test indicates that the elongation of the laminated Ti-(TiB þLa 2 O 3 )/Ti composite improved from 13% to 17% in comparison with the uniform (TiBþ La 2 O 3 )/Ti composite, while the tensile strength had little change. It provides theoretical and experimental basis for fabricating the novel high performance laminated Ti-(TiB þ La 2 O 3 )/Ti composites.
Introduction
Titanium matrix composites (TMCs) have attracted considerable interest of aerospace, automotive industries and other structural applications due to attractive mechanical properties, such as the low density, high specific strength, high elastic modulus and corrosion resistance [1, 2] . In situ synthesis of discontinuously reinforced titanium matrix composites (DRTMCs) is considered as the cost-saving fabricating process to obtain isotropic properties and good interfacial integrity of DRTMCs [3] . Common in situ synthesis techniques mainly include powder metallurgy (PM) [4] , mechanical alloying (MA) [5] , ingot metallurgy (IM) [6] and rapid solidification [7, 8] . Previous studies have found that the in situ method introduced reinforcements can significantly improve both the room temperature and high temperature tensile strength [9, 10] . However, poor ductility and toughness of DRTMCs largely limit their applications compared with titanium alloys [11] [12] [13] .
A good idea was inspired from nacre structure in nature, Clegg [14] firstly described a simple way of preparing tough ceramics with weak interfaces in nature, which had become a hot area in ceramic research field. For metals, grain refinement is one of the best methods to improve the strength without decreasing ductility, but it is usually no longer suitable when the grain sizes fall below ∼1 mm [15] . Lu [16] reported in Science that multiscale hierarchical structures provide a possible route to optimizing overall properties. Jiang [17, 18] developed a flake powder metallurgy method to fabricate biomimetic Al 2 O 3 /Al composites and CNT/Al composites, which performed well-balanced strength and ductility compared to traditional fabricating methods. A. B. Pandey [19] also described an architectural approach for toughening discontinuously reinforced aluminum (DRA), the fracture toughness had an improvement of 79% and 53% by introducing laminated structure consisted of alternate layers of DRA and unreinforced Al-Mg alloy with comparison to monolithic DRA. However, a more simple method should be developed to make configuration design for titanium because its sensitivity to oxygen and hydrogen and the demand of cost saving. As discussed in Ref. [20] , a network distribution of reinforcement in titanium matrix resulted in improvements in both the strength and ductility due to the inhomogeneous distribution of TiB whiskers. Liu [21] fabricated laminated Ti-TiBw/Ti composites composed of Ti layers and TiB whisker reinforced Ti composite layers by reaction hot pressing and diffusion welding. Both the two laminated structure composites showed an improvement in fracture ductility. Rohatgi [22] produced Ti-Al 3 Ti metallic-intermetallic laminate (MIL) composites from Ti and Al foils. Crack bridging and crack deflections by Ti layers were found to be primarily responsible for enhancing fracture toughness. Nevertheless, lots of studies had been performed in the mechanical properties of laminated structure composites after sintering or diffusion bonding, which would always result in unsatisfactory performance because of large grains and agglomerate reinforcements. Subsequent processing should be further studied to enhance the strength and ductility of laminated structure TMCs.
In this study, vacuum sintering was carried out to fabricate the laminated Ti-(TiB þ La 2 O 3 )/Ti composite, followed by hot rolling to modify the microstructure including layer thickness, grain size, reinforcements distribution and relative density. Lanthanum was introduced with the original purpose of reducing the oxygen content by forming La 2 O 3 reinforcements. The microstructure and mechanical behavior of the laminated Ti-(TiB þ La 2 O 3 )/Ti composite were investigated with comparison to homogenous (TiB þ La 2 O 3 )/Ti composite. The fracture mechanism of the composite and enhancing effect of laminated structure design was analyzed based on experimental results.
Experimental procedures
Pure Ti powder (maximum particle size 150 μm) and LaB 6 powder (maximum particle size 75 μm) were used as raw materials of fabricating the laminated Ti-(TiB þ La 2 O 3 )/Ti composite. Fig. 1 shows the schematic of experiment process. Four steps were involved in the combined powder metallurgy and hot rolling process:
(1) Preparation of mixing powder. The mixing powder of pure Ti and LaB 6 were obtained by low energy ball-milling with a speed of 150 rpm for 15 min. (2) Assembly of the laminated structure. The as-prepared mixing powder and the pure Ti powder were laid alternately in a steel mold with the same thickness according to the theoretical calculation. The multilayer laminated structure preform (Ø 32.1 Â 30 mm 2 ) with a relative density of 85% was prepared by cold pressing under 700 MPa pressure for 2 min. The relative density of the laminated structure composite was over 95%. The process of reducing the layer thickness and the pore defects was required to improve the mechanical properties. (4) Hot rolling. The composites were preheated in a furnace at 1323 K for 30 min in order to finish the phase transformation because the β-Ti phase could be rolled easily at high temperature. The rolling process with a total deformation of 80% parallel to the layer direction was carried out to improve the microstructure. And the samples were annealed under 873 K for relieving residual stresses after rolling. Moreover, the density of the laminated structure composite could be improved to 100% after rolling.
The samples cut from the as-sintered and rolled laminated structure composites were characterized by Optical Microscopy (OM), Field Emission Scanning Electron Microscopy (FEI Quanta-250 FESEM) and Energy Dispersive Spectrometer (EDS). The constituent phases were analyzed by X-ray diffraction (D/max-2550/pc XRD) with a Cu K α radiation source. Three tensile test specimens were machined from the center of the rolled laminated structure composite with the tensile axis parallel to the rolling direction. The gauge length of the specimens was 10 mm and the sectional dimension was 3 Â 1.6 mm 2 . The room temperature tensile properties were measured by a universal testing machine (Zwick 20) at an initial strain rate of 10 À 3 s À 1 . Pore defects were found in both the pure Ti layer and the composite layer. However the interface between two layers shows a good metallurgical bonding with grains and reinforcements penetrating the interface. Fig. 3(c) shows the TiB whiskers (maximum length 30 μm) distribute uniformly in the composite layer without orientation. Fig. 3(d) shows some flocculent particles (maximum size 50 μm) in the composite layer. It can be seen that the flocculent particles are surrounded by large amounts of TiB whiskers. Fig. 4(b) . The result indicates that the flocculent particles are composed of α-Ti, La 2 O 3 and TiO 2 phases. As discussed in Ref. [23] , lanthanum was found to exist in two forms in the titanium matrix: small equiaxed La 2 O 3 particles and large flocculent Ti-La-O particles. Small Boron atoms spread out fast by interstitial diffusion mechanism will react with titanium atoms easily at high temperature, which results in the formation of TiB whiskers. However, only a few lanthanum atoms can diffuse to the matrix due to the slow diffusion rate by vacancy mechanism under the condition of solid state reaction. The lanthanum dissolving in the matrix forms the Ti (La, O) solid solution which will transform into small La 2 O 3 precipitated phase during the followed cooling process, while the remaining lanthanum will react with the oxygen and titanium coming from the matrix to form the random-shaped flocculent Ti-La-O particles. Fig. 3 , it can be seen that the pore defects disappeared and most of the agglomerated reinforcement particles were well dispersed. Moreover, the reinforcements distributed more uniformly in the matrix and aligned along the rolling direction. And the layer thickness was decreased by 80% from 1000 μm to about 200 μm. The combined vacuum sintering and hot rolling process is proved to be an effective method to prepare the laminated structure composite with thinner layers, more uniform distribution of reinforcements and higher relative density. The α-Ti microstructure with fine equiaxed grains size of about 10-20 μm can be observed in both the pure Ti layer ( Fig. 5(b) ) and (TiBþ La 2 O 3 )/Ti composite layer (Fig. 5(c) ), indicating that the matrix microstructure was significantly refined by hot rolling compared to that of the as-sintered composite. The fine α grains are attributed to various factors such as deformation degree, cooling rate and the role of reinforcements. The presence of reinforcements assists the nucleation of α phase and restricts the grain growth. The multi-phase reinforcements in the (TiBþ La 2 O 3 )/Ti composite layer, especially TiB whiskers with the length of 5-30 μm, distributed uniformly with an alignment along the rolling direction. Fig. 5(d) shows that the grain size and the volume fraction of reinforcements changed gradually between different layers and resulted in the gradient microstructure of the interface region with no porosity and crack. Meanwhile, to some extent, the agglomerated flocculent Ti-La-O particles were broken and dispersed, which resulted in a uniform and oriented distribution of the reinforcements.
Results and discussion

Microstructure characteristics
The XRD diffraction patterns of the laminated Ti-15 vol% (TiB þ La 2 O 3 )/Ti composite and 5 vol% (TiB þ La 2 O 3 )/Ti composite measured in the same way are shown in Fig. 6 . It can be seen from the diffraction patterns that only α-Ti, TiB and La 2 O 3 existed in the TMCs and no diffraction peaks of LaB 6 were observed. This demonstrates that complete transformation of Ti and LaB 6 to TiB and La 2 O 3 reinforcements took place according to the in situ reaction formula. Meanwhile, the unexpected weak peaks of TiO 2 phase were found in both diffraction patterns, which indicate that a small amount of TiO 2 phase formed during the preparation of TMCs. The tensile test results of the laminated Ti-15 Fig. 8 shows the fracture morphology of the laminated Ti-15 vol% (TiBþ La 2 O 3 )/Ti composite after tensile testing. Generally, the fracture features is characterized by quasicleavage fracture, which is a mixture of dimples and tearing ridges. The interface region in Fig. 8(a) shows strong interfacial bonding without any delamination phenomenon. It indicates that the fabricating process is appropriate to acquire laminated composite without interlamination interface defects. Broken TiB whiskers in Fig. 8(b) indicates that TiB reinforcements play an important role in bearing stress. While the secondary cracks through the large flocculent Ti-La-O particles (verified by EDS in Fig. 8(d) ) mean that the agglomerate particles seriously affect the mechanical properties. Numerous dimples and deep tearing ridges in Fig. 8 (c) reveals that large amount of plastic deformation occurred in the pure Ti layer. Overall, it is precisely that the cooperation of the pure Ti layer and the composite layer finally result in the toughing effect of the laminated structure. 
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